Recent progress in the field of electrically conducting polymers has led to various materials with great potential for commercial applications. [1] [2] [3] [4] Polyaniline ͑PANI͒ is currently considered as a member of the most promising class of organic conducting polymers. However, high conductivity and good processability are not readily compatible in this conducting polymer. PANI has a rigid and planar backbone to provide good conductivity, but the same feature makes it insoluble in most common solvents.
To overcome the difficulty of insolubility, many researchers have directed their attention to PANI derivatives prepared through different approaches. Close analysis of the literature reveals that posttreatment of the base form of PANI, 5, 6 electrochemical or chemical homopolymerization of ANI derivatives, [7] [8] [9] and copolymerization of ANI with ring-or N-substituted ANI derivatives [10] [11] [12] [13] [14] have been effectively used for the preparation of substituted PANIs. However, the conductivity of substituted PANIs is much less than that of PANI alone. The increased torsional angle from the existence of substituents results in a decrease in orbital overlap of the -electrons and nitrogen lone pairs, which ultimately leads to a decrease in the extent of conjugation and of conductivity.
Copolymerization is used to tailor-make a material with specifically desired properties. 10, [15] [16] [17] In recent years, ANI-based copolymers have received great attention. These copolymers consist of units of ANI and another monomer, and they possess different properties from those of pure homopolymers. Our research group has investigated and characterized the electrochemical copolymerization of ANI with para-phenylenediamine 18, 19 and 2,5-diaminobenzene sulfonic acid 20 using the cyclic voltammetric method on IrO 2 -coated titanium electrodes through X-ray photoelectron spectroscopy ͑XPS͒.
Copolymerization was generally performed to improve the processability of the PANI structures. Besides that, the synthesized copolymers have shown different electrochemical characteristics than PANI. Structural modification of PANI with ring-or N-substitution through copolymerization results in modified electrochemical characteristics. Diphenylamine ͑DPA͒ was polymerized by Comisso et al. 21 in a mixture of 4 M sulfuric acid and ethanol. In the electrochemical polymerization, DPA could not be grown as a film during polymerization on the working electrode, which is probably due to dissolution of oligomeric materials. This might result from the role of ethanol which was used as cosolvent to increase the solubility of DPA. Reports are also available for the polymerization of N-alkyldiphenylamine, 3-methoxydiphenylamine, and 3-chlorodiphenylamine. 22, 23 In the last two years, copolymerizations of DPA with benzidine ͑aniline-like monomer͒ 24 and ANI 25 have been performed. These reports reveal that copolymer formation between benzidine ͑or ANI͒ and DPA occurs via formation of -C-͑NH͒-C-bonds between a nitrogen atom of benzidine ͑or ANI͒ and a phenyl carbon atom of DPA. This implies that phenyl-ended intermediates of DPA can be connected to the ϪNH 2 group of ANI or ANI derivative to make a copolymer.
From the literature, it is understood that 2-aminodiphenylamine (2-H 2 NC 6 H 4 NHC 6 H 5 , or has not been used either alone or as a comonomer for polymerization. The wide scope of tuning different properties of PANI triggered us to explore the possibility of copolymerizing ANI with an ANI derivative, 2ADPA. This copolymer of 2ADPA with ANI is expected to have different characteristics than PANI.
Electrochemical methods provide special advantages over other methods due to the possibility of simultaneous characterization. This study describes the electrochemical copolymerization of 2ADPA with aniline. Cyclic voltammetry ͑CV͒ was used to synthesize and concomitantly analyze the electrochemical properties of homopolymer/copolymer in the process of obtaining evidence for copolymer deposition when a mixture of monomers was used. Additionally, in the present work, the electrochemical growth characteristics of the corresponding homopolymer films were compared to infer the differences in the behavior of the copolymeric films. Besides that, in situ UV-visible ͑UV-vis͒ spectroelectrochemical studies were made to identify the differences between the copolymer and the corresponding homopolymer formation by performing polymerization studies at an optically transparent indium-tin oxide ͑ITO͒ coated glass electrode.
Experimental Reagent-grade aniline ͑Merck͒ was doubly distilled and the resulting colorless liquid was kept under nitrogen in the dark at 5°C. 2ADPA ͑Fluka͒ was used as received.
Synthesis of copolymer.-Electrochemical synthesis and CV studies were performed by using Autolab with PGSTAT 30 ͑Eco. Chemie B.V., The Netherlands͒ with a general purpose electrochemical system software. A three-electrode cell assembly was used with Ag/AgCl as a reference electrode. Platinum wire was used as a counter electrode. A platinum foil of area 2 cm 2 was used as working electrode. A Luggin capillary, whose tip was set about 1 mm from the surface of working electrode was used to minimize errors due to iR drop in the electrolytes. Syntheses of polymers and measurements were performed under a nitrogen atmosphere. The potentials reported here are in terms of Ag/AgCl as reference electrode.
For the electrochemical copolymerization studies, a mixture of 2ADPA and ANI was used in 1 M HCl. Experiments were done for different feed ratios of ANI by keeping ANI in excess. Electropolymerization was achieved by sweeping the potential in the range Ϫ0.15 to 0.90 V for 40 cycles while keeping the sweep rate as 50 mV/s. The cyclic voltammograms ͑CVs͒ were recorded simultaneously with the syntheses. Homopolymerization experiments involving ANI or 2ADPA were also carried out in the same potential range.
The deposited films of polymers ͑copolymer/homopolymer͒ were then placed in a monomer-free background electrolyte ͑1 M HCl͒ and CVs of the film-coated electrode were recorded after stabilization.
UV-Vis in situ spectroelectrochemistry.-A Shimadzu MultiSpec-1501 UV-vis spectrophotometer was used to record the in situ UV-vis spectra by operating through the time course mode. UV-Vis spectroelectrochemical experiments were done in a quartz cuvette of 1 cm path length by assembling it as an electrochemical cell with an optically transparent working electrode, a platinum wire as counter electrode, and Ag/AgCl as reference electrode. An ITOcoated glass plate with a specific surface conductivity of ca. 10 ⍀/ᮀ was used as working electrode. Before each experiment, the ITOcoated glass electrode was cleaned with acetone and then with double-distilled water. Constant potential ͑1.0 V͒ was applied by using the Autolab with PGSTAT 30 ͑Eco. Chemie B.V., The Netherlands͒ on a solution containing the two monomers ͑2ADPA and ANI͒. Constant potential ͑1.0 V͒ electropolymerization of 2ADPA and ANI was also carried out. The UV-vis spectra were continuously recorded during electrolysis in all these cases and analyzed by HYPER-UV ͑microcal origin͒ software.
Results and Discussion
Electrochemical copolymerization.- Figure 1 represents the CVs recorded continuously for 40 cycles during the polymerization of a mixture of 2ADPA and ANI. The molar feed ratio of ANI to 2ADPA was kept at 40:1.2. For making a close comparison of the CVs during copolymerization ͑Fig. 1͒ with growth of PANI, electropolymerization of ANI was also performed ͑Fig. 2͒ under otherwise identical conditions to the copolymerization. Apparently, the CVs recorded during copolymerization were similar to those recorded for polymerization of ANI, but a detailed analysis reveals significant differences with regard to peak potential, peak current values, and other growth characteristics. The CVs during copolymerization with 2ADPA and ANI show additional redox pairs compared to PANI growth.
In our earlier studies 25 on copolymerization of DPA with ANI, we reported the formation of copolymer through polymerization involving the generation of -C-͑NH͒-C-bonds between the nitrogen atom of ANI and a phenyl carbon atom of DPA. Distinctly different CV results were observed for copolymerization in contrast to simple polymerization of ANI and DPA. 25 In the case of copolymerization of DPA with ANI, the CV pattern during growth was found to be similar to DPA. In the present case, the CV characteristics of the copolymer growth showed a different pattern than even ANI and 2ADPA. The reason for the different CV characteristics in the case of copolymerization of ANI and 2ADPA is revealed by analysis of the results obtained from the homopolymerization of ANI and 2ADPA. In the present case, the presence of the extra -NH 2 group in the aromatic ring is expected to induce copolymerization in a different way. Figure 2 depicts a series of CVs recorded for ANI polymerization recorded under conditions similar to copolymerization. Four redox pairs ͑A-D͒ are easily identifiable in PANI growth ͑Fig. 2͒. In contrast, seven redox pairs ͑A-G͒ are distinguishable in the copolymerization of 2ADPA with ANI ͑Fig. 1͒. For PANI growth, the peak appearing at 0.25 V ͑peak A͒ corresponds to formation of radical cations ͑polaronic emeraldine͒ as identified by earlier workers. 26, 27 As suggested by Kobayashi et al. 1 and Stilwell and Park, 28 the peak appearing at around 0.50 V ͑peak B͒ arises from adsorption of hydrolysis product, p-benzoquinone/hydroquinone pairs. Peaks C and D occurring in the region of potentials 0.60-0.80 V represent the formation of diradical dications arising from the head-to-tail addition of monomer units. 26 In the cathodic sweeps, the presence of peaks AЈ-DЈ represents the reduction processes corresponding to Scheme 1 represents the conversion of the leucoemeraldine form of PANI to its bipolaronic pernigraniline structure at peaks A and D. Radical properties have been detected between these two potential boundaries. Radical cations ͑polaronic form of emeraldine͒ which are generated at peak A persist in PANI films until the potential reaches 0.60 V, where diradical dications ͑the bipolaronic form of pernigraniline͒ are formed ͑at peak D͒ and the latter exists in resonance with the quinone diimine form ͑Scheme 1͒. These redox states ͑at peaks A and D͒ have been earlier substantiated by in situ electron paramagnetic resonance ͑EPR͒ studies 28, 30 and in situ spectroelectrochemical studies. 26, 30 The positive charge on the nitrogen atoms in dication form is unequally delocalized over all atoms in the polymer chain, while the presence of the benzene ring aids delocalization into it. As a result, at potentials higher than peak D, the dication diradical that is formed plays an important role in activating further growth of the polymer chain. The dication diradical acts as an energetic electrophile capable of interacting with a neutral ANI molecule to result in further growth. Hence, in the presence of ANI or an ANI derivative in the potential range 0.60-0.80 V, the radical cations can react with ANI derivative to produce copolymer. 31 The observed differences in the CVs of copolymerization of 2ADPA with ANI ͑Fig. 1͒ arise from such reactions leading to copolymer formation.
There are three additional peaks ͑E, F, G͒ in the CVs corresponding to copolymer deposition in addition to the peaks of the type A-D observed for ANI polymerization. Besides that, between copolymerization and ANI polymerization, there are distinct variations in the peak potentials for peaks A-D and the associated peak current values. These changes clearly reveal that a different type of redox behavior exists during copolymerization. For assigning the peaks E, F, and G, the results obtained from the electrochemical homopolymerization of 2ADPA were used. Figure 3 depicts the CVs of the polymerization of 2ADPA in the same potential range in which copolymerization was performed. In the first anodic sweep, the peak corresponding to oxidation of 2ADPA occurs at 0.56 V. It becomes clear that oxidation of 2ADPA takes place at a potential much lower than the oxidation potential of ANI. 26 On subsequent cycling of potentials, two anodic waves were noticed at 0.11 and 0.69 V. The first anodic peak showed increasing peak current with increase in the number of cycles, while for the second one the peak current was nearly invariant with increasing cycle number. These two peaks may be attributed to the polaronic and bipolaronic forms of poly͑2-aminodiphenylamine͒, P2ADPA ͑Scheme 2͒. The increasing peak current values for the first redox process indicate the building up of electroactive P2ADPA on the surface of the working electrode.
For the electrochemical copolymerization of 2ADPA with ANI, the new peaks ͑E, F, and G͒ in the CVs are now assigned based on the previous observations. In the potential ranges where the polaronic emeraldine form of the PANI structure has its redox behavior, the new peaks E and G appeared. This indicates that there can be other types of structures which can give rise to polaronic transitions Scheme 2. Schematic structures of poly͑2-aminodiphenyl amine͒, 2ADPA: ͑a͒ general structure of poly͑2-aminodiphenylamine͒; ͑b͒ N,NЈ-diphenylbenzidine-type radical cations ͑resonance to diphenosemiquinone amino imine type structure͒; ͑c͒ N,NЈ-diphenylbenzidine-type dications ͑resonance to diphenoquinone diimine structure͒; and ͑d͒ probable branching of 2ADPA units.
in the copolymer in addition to the PANI structure. The possibility of 4,4Ј-C-C-phenyl-phenyl coupling involving 2ADPA units can provide such structures ͑Scheme 2͒. Hence, in addition to the polaronic form of PANI ͑Scheme 1͒, the diphenosemiquinone-aminoimine form also can exist in the copolymer as a result of incorporation of 2ADPA units. Considering this, peak G may be assigned to the polaronic emeraldine form ͑diphenosemiquinone amino imine͒ of 2ADPA units in the copolymer. Peak E may be assigned to a phenazine-type structure which can be regarded as oligomers. Genies and Lapkowski, 32 designated the peak appearing close to 0.28 V to the phenazine-type structure in PANI growth. Peak F can be assigned to the diphenoquinone diimine ͑bipolaronic͒ form of 2ADPA units in the copolymer. From this discussion, it is clear that during copolymerization, 2ADPA units are incorporated into the polymer structure. Further evidence was obtained from CV results of the copolymerization of 2ADPA with ANI by performing polymerization with different feed ratios of the comonomers.
CVs recorded during the electropolymerization of mixtures of ANI and 2ADPA with different feed ratios ͑defined as the ratios of concentrations of the two monomers͒ are shown in Fig. 4 . Total concentration of the two monomers was kept at 80 mM. For all these polymerization conditions, one anodic peak appeared at ϳ0.60 V in the first scan, which indicates that 2ADPA undergoes oxidation before ANI. On the reverse scan, the cathodic peaks corresponding to the E, A, and G processes can be seen. This indicates that subsequent to oxidation of 2ADPA, further chemical reactions with ANI and ANI cation radicals ͑Ͼ0.7 V͒ results in oligomer/polymer, which shows reduction corresponding to the peaks assigned for EЈ, AЈ, and GЈ. Further cycling of potential generates CVs with redox peaks representing the processes occurring at potentials A-G.
A few interesting observations can be noticed while comparing the CVs obtained at different feed ratios. The peak current values of the redox processes occurring at potentials A-G showed a gradual increase with increasing cycle number ͑Fig. 5͒. This indicates the building up of surface-bound electroactive material ͑copolymer͒ on the surface of the working electrode. When the feed ratio of 2ADPA was increased, the peak current value showed a decreasing trend at any given cycle. Comparison of CVs of individual homopolymerization of ANI and 2ADPA with copolymerization ͑Fig. 1-4͒ strongly suggests the deposition of copolymer with mixture of 2ADPA and ANI. The decrease in peak current with increase in molar feed ratio of 2ADPA for copolymerization is envisaged to arise from suppression of electroactivity as a result of incorporation of 2ADPA units in the copolymer. The presence of substituted ANI units in the copolymer structure has been reported to result in lower electrical conductivity of the copolymer and to make the copolymers have less electroactivity.
14, 33 The presence of bulky substituents in the PANI class of materials increases torsional angles between the aromatic rings and decreases the degree of conjugation in the polymer. 34, 35 In the present case, the copolymer of ANI with 2ADPA should have many side chains protruding from the main chain by the reaction of ϪNH 2 group in the benzene ring ͑Scheme 2͒. This can also suppress the electroactivity of the copolymer. The electroactivity of a working electrode covered with the copolymer can influence the rate of deposition of the copolymer. Hence, the suppression of electroactivity subsequently results in a lower rate of electrodeposition of the polymer. Similar explanations have been given for the decreased rate of electrochemical copolymerization of ANI with m-phenylenediamine with increases in the molar fraction of m-phenylenediamine in the feed for copolymerization. 33 For the copolymer of ANI with 2ADPA, there exists a difficulty in determining the extent of 2ADPA units in the copolymer structure. For conducting copolymers with a defined linear structure, XPS analysis has been effectively employed to identify the composition of the two monomer units in the copolymer. 14, 20, 31 However, for the copolymer of ANI with 2ADPA, a clear repeat unit structure could not be assigned due to possible branching reactions involving the additional ϪNH 2 group in the aromatic ring. The possibility of branching cannot be totally ruled out on similar lines to the copolymer resulting from the electropolymerization of ANI with dithiodianiline. 36 Besides that, both the comonomers, ANI and 2ADPA, contain similar atomic constituents ͑both contain C, N, and H only͒. Therefore, we believe that in the absence of fixing a clear repeat unit structure and the absence of other atomic constituents than C, N, and H, attempts to identify the extent of structural units present in the copolymer would not provide a useful conclusion.
A quantitative relation between the extent of growth of the polymer film and ͓2ADPA͔ in the feed of copolymerization was however obtained by measuring the charge under the anodic portion of the CVs ͑at the 40th cycle͒. The anodic charge associated with film deposition was calculated by the method of graphical integration using Ϫ0.15 and 0.90 V as the integration interval. The charge at the 40th cycle was found to decrease with increase in the feed ratio of 2ADPA. The plot of charge vs. ͓2ADPA͔ Ϫ1 ͑Fig. 6͒ was found to be a straight line passing through the origin.
Deducing the growth equation.-To establish the occurrence of copolymer formation between ANI and 2ADPA, a growth equation relating the charge associated with deposition, cycle number (C n ) and feed ratio of ANI and 2ADPA was deduced. A systematic approach was used here to arrive at the growth equation. Growth of the copolymer film was monitored by measuring the charge under the cathodic portion of CV for various conditions. The charge associated with the polymer was calculated by the method of integration using Ϫ0.15 to 0.9 V as the integral interval.
It was found that the cathodic charge, Q G , increased with increasing C n for a fixed feed ratio of 2ADPA. Also, Q G displayed a decreasing trend with an increase of the feed ratio of 2ADPA for a fixed value of C n . Otherwise, addition of 2ADPA decreased the extent of deposition of the copolymer.
A general equation relating Q G with C n , ͓ANI͔, and ͓2ADPA͔ can be expressed as follows
where k is the reaction rate constant for the deposition of the copolymer, poly͑ANI-co-2ADPA͒, and x, y, and z are the exponents of ͓ANI͔, ͓2ADPA͔, and C n , respectively. For obtaining the exact dependences of growth of copolymer film on C n , ͓ANI͔, and ͓2ADPA͔, the following procedure was used. The charge values, Q G , determined under different conditions of C n , ͓ANI͔, and ͓2ADPA͔ were used to set a large number of equations in x, y, z, and then solved to obtain the best values of k, x, y, and z by regression analysis. The values obtained from regression results are 7.11 ϫ 10 Ϫ7 ͑C mM 1.1 ), 0, Ϫ1.1, and 2.8 for k, x, y, and z, respectively. The growth equation for poly͑ANI-co-2ADPA͒ deposition was obtained as
͓2͔
Considering the large number of equations used in the regression analysis and the value of R 2 as 0.91, Eq. 2 is a satisfactory fit to the experimental data. The growth equation ͑Eq. 2͒ becomes applicable for copolymer deposition under the conditions of electrocopolymerization used in the present study. Equation 2 indicates that growth of copolymer is independent of ͓ANI͔. From the viewpoint of chemical reaction engineering, since the concentration of one reactant was kept much higher than that of the other reactant, its kinetic dependence on that component became negligible. On the contrary, the value of the exponent for ͓2ADPA͔ is Ϫ1.1 in Eq. 2, clearly revealing that the presence of 2ADPA during copolymerization reduces the growth rate of deposition. However, the exponent of 2.8 for C n suggests that growth of the copolymer can significantly be increased by increasing C n . This is evident from CVs ͑Fig. 4͒ recorded under any of the experimental conditions.
Characteristics of electrodeposited copolymer films.-Further evidence for the formation of copolymer was also obtained through characterization of the copolymer films. For obtaining the electrochemical behavior of the copolymer films, the films deposited on the Pt electrode after 40 cycles of potential scanning were used. CVs of the polymer films were recorded for different cycles in order to obtain a stable CV pattern without much change in peak currents and peak potentials. The CVs of stabilized polymer films were recorded in the same potential range ͑Ϫ0.15 to 0.9 V͒ for different scan rates in the monomer-free background electrolyte ͑1 M HCl͒. The CVs of the stabilized copolymer films were compared with the corresponding ones recorded during the growth of copolymer films for 40 cycles. The CV patterns were found to be similar in these two cases. The redox peaks as noticed in the growth of the copolymer could be seen in the CVs of the films ͑Fig. 7͒ with slightly different peak current values. The copolymer film showed all peaks ͑A-G͒ corresponding to redox processes of the copolymer. The absence of additional peaks in the CVs of the copolymer films indicated the stable nature of the copolymer. The anodic charge Q G (40) associated with deposition of copolymer film and the charge of stabilized film Q F was compared to obtain the stability of copolymer in a monomer-free background electrolyte. Nearly 95% of the Q G (40) was retained in the film.
The solubility of electrodeposited copolymer and PANI were compared in acetone. The electrodeposited copolymer was found to be soluble in acetone in comparison to PANI deposited under otherwise identical conditions.
The anodic peak potential E p a ͑A͒ representing the formation of the polaronic radical cation of the polymer ͑first oxidation potential, A͒ increases with increasing for the copolymer prepared with different feed ratios of 2ADPA.
The variation of peak potentials with respect to was tested and plotted against in Fig. 8a-c for PANI, copolymer, and P2ADPA, respectively. By extrapolating to ϭ 0, the formal potential for the redox process was obtained. The values are found to be 0.242, 0.113, and 0.236 V, respectively, for PANI, P2ADPA, and copolymer. The formal potential of the copolymer ͑0.236 V͒ is more positive than P2ADPA ͑0.113 V͒ and close to PANI ͑0.242 V͒. The copolymer films show surface-bound transport properties similar to PANI films. The linear nature of the plots of i p a ͑A͒ vs. ͑Fig. 9͒ reveal the surface-bound transport characteristics of the copolymer films.
Spectroelectrochemistry.-To obtain further evidence for copolymer formation during electrochemical copolymerization of 2ADPA with ANI, spectroelectrochemical studies were performed by using ITO-coated glass as the working electrode. The UV-vis spectra recorded simultaneously during the constant potential electropolymerization of a mixture of monomers ͑Fig. 10͒, 2ADPA ͑Fig. 11͒, and ANI ͑Fig. 12͒ clearly revealed copolymer formation. After switching the potential of the ITO electrode to ϩ1.0 V with a solution of 2ADPA ͑10 mM͒, two absorption bands at 516 and 650 nm were noticed in the 350-800 nm region. On increasing time of electrolysis, the band at 516 nm split into two peaks. The separation between these peaks increased with increasing electrolysis time. The band at around 520-540 nm is attributed to the exitonic transition of benzenoid to quinoid structure in line with earlier reports. 37 In the present study, the splitting of the peak in this region might be attributed to the possible presence of two types of structures ͑Scheme 2͒ in the polymer. The possibility of conversion of benzenoid to quinoid structures through C-N and C-C couplings in P2ADPA could explain the splitting of the peaks. The band at 650 nm may correspond to the dication form of the polymer. 38, 39 For PANI growth, two bands were noticed at around 365-375 and 709-734 nm. These peaks are attributed to the doped states of PANI. 37 The UV-vis spectra recorded during polymerization of mixtures of 2ADPA and ANI showed three adsorption bands in the 369-379, 521-540, and 700-720 nm regions. These bands grow in intensity with polymerization time. Clear bands were seen ͑Fig. 11͒ in the spectra of polymerization of 2ADPA representing the exitonic transitions corresponding to C-N and C-C coupled structure ͑Scheme 2͒. The presence of the band at around 520 nm for copolymerization in contrast to ANI polymerization clearly supports the incorporation of 2ADPA units into the polymer structure. The occurrence of a band at 700-720 nm indicates the doped nature of the copolymer at 1.0 V.
Conclusion
Copolymer films could be deposited by polymerizing 2ADPA with ANI using CV and potentiostatic methods. The growth rate of copolymer was found to be depressed on increasing the concentration of 2ADPA in the feed. The copolymer possesses diphenosemiquinone amino imine and diphenoquinone diimine forms of units from 2ADPA as evident from the additional redox characteristics in comparison with PANI. A growth equation interrelating the cathodic charge of copolymer deposition, concentration of 2ADPA, and cycle number (C n ) is obtained as Q G ϭ 7.11 ϫ 10 Ϫ7 ͓2ADPA͔
Ϫ1.1 C n 2.8 . The copolymer films showed surface-bound transport properties similar to PANI. The incorporation of 2ADPA in the copolymer is further supported through spectroelectrochemical results. The clear presence of a band at 520 nm supports the supposition of copolymer formation.
